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Abstract 

We evaluate the effective mass of a scalar field <f> coupled to thermal plasma 
through Planck-suppressed interactions. We find it useful to rescale the coupled 
fields so that all the (^-dependences are absorbed into the yukawa and gauge cou- 
plings, which allows us to read off the leading order contributions to the effective 
mass rh^ from the 2-loop free energy calculated with the rescaled couplings. We give 
an analytical expression for rh^ at a sufficiently high temperature in the case where 
(f) is coupled to the MSSM chiral superfields through non-minimal Kahler potential. 
We find that is about 10~ 3 -ff 2 ~ 10 -2 -£f 2 for typical parameter sets, where H is 
the Hubble expansion rate in the radiation-dominated era. 



1 Introduction 



Supersymmetry (SUSY) is an attractive candidate for the physics beyond the standard 
model (SM). Its local version, supergravity, leads to various phenomena in cosmology. In 
particular, when the inflaton dominates the Universe during and after inflation, the super- 
gravity effect induces an effective mass of order H, the Hubble expansion rate, for a general 
scalar field <fi coupled to the inflaton sector by Planck-suppressed interactions [TJ [21 [3], 
unless its mass is protected by some symmetry. Such an effective mass of order H is 
called a Hubble-induced mass and plays an important role in many cosmological scenar- 
ios. For example, a negative Hubble-induced mass enables the Affleck-Dine baryogenesis 
mechanism [H [5] . The enhanced Hubble-induced mass also is a key for solving the cos- 
mological moduli problem [01 E]- On the other hand, the Hubble-induced mass will be a 
main obstacle for implementing the curvaton mechanism [8] in supergravity and it must 
be suppressed at least by about one order of magnitude. 

There have been arguments about whether or not such an effective mass of order H 
arises during the radiation-dominated (RD) era after reheating [9J [TO]. In Ref. [9], it 
was claimed that the effective mass for 0, which is coupled to thermal plasma through 
Planck-suppressed interactions, is suppressed by the ratio of the zero-temperature mass of 
particles in plasma and the plasma temperature, and therefore it is much smaller than H. 
However, the dispersion relation of the thermalized particles was not correctly included 
in Ref. [H] . Recently, two of the present authors (MK and TT) have applied the technique 
of thermal field theory to this issue and found that the effective mass of the order of H 
for cf) does arise even in RD era fTO] • 

In Ref. [10] , the effective mass squared of was expressed in terms of the thermal ex- 
pectation value of the kinetic term of the coupled (scalar or fermion) field in the thermal 
bath. Here, the thermalized fields were implicitly assumed to be gauge singlets. Then, 
the thermal expectation value was evaluated based on thermal field theory. However, the 
procedure given in Ref. [10J would become complicated if we considered all the contribu- 
tions to the effective mass of from a realistic thermal bath consisting of the SUSY SM 
particles. This is because the thermal expectation values of the gauge covariant kinetic 
terms would have to be evaluated. 

In this paper, we use a different strategy for evaluating the effective mass of 0. Our 
observation is as follows: the evaluation will become simple and transparent, if we use the 
nature of supersymmetry before applying the thermal field theoretic calculation. Namely, 
we first rescale the chiral superfields so that the 0-dependence is absorbed into yukawa 
and gauge couplings. This enables us to read off the the effective mass term for from 
the free energy calculated with the rescaled couplings. 

The purpose of this paper is to give a complete analytic expression for the leading 
contributions to the effective mass of 0, which is coupled to the minimal supersymmetric 
standard model (MSSM) plasma. The rest of this paper is organized as follows. In Sec. [21 
we explain our strategy for evaluating the effective mass of from yukawa couplings. 
In Sec. [31 we also explain how to incorporate the contributions of the gauge couplings. 
Then, in Sec. HI we give an analytic expression for the effective mass of arising from 
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MSSM plasma. We also show the numerical result for the temperature dependence of the 
effective mass of (p. Sec. [5] is devoted to conclusions. 



2 Contribution from a yukawa coupling 

In this section, we consider a scalar field x an d a fermion x m the thermal bath in SUSY. 
For the moment, we omit the gauge fields for simplicity, though the following procedures 
can be applied directly to the case with the gauge fields. The scalar field (ft, which is 
decoupled from the thermal bath, is assumed to have a coupling with x an d X only 
through the following non-minimal Kahler potential: 

K=W 2 + \x\ 2 + c l -^f, (1) 

where <fi and x are chiral superfields which include the scalar and the scalar x, fermion x 
as component fields, respectively[!]. Here, Mp ~ 2.4 x 10 18 GeV is the reduced Planck mass 
and c is a model dependent parameter, and we will consider c = (9(1). In the following 
subsections, we evaluate the contributions to the effective mass of the scalar field <p, m^, 
from the thermalized fields x an d X- In the evaluation, we neglect the zero-temperature 
masses of x an d X f° r simplicitjU. 



2.1 Scalar contributions 

In this subsection, we will take into account the supergravity effects that appear both in 
the kinetic term of the scalar field x an d in the F-term potential. We note that the latter 
effects were neglected in Ref. [TO] . 

From Eq. (jTJ), the scalar field x has the following kinetic term: 

On the other hand, the F-term potential in supergravity is given by the following for- 
mula [TTj : 

V F = e^ (d.WK^W - 3 -^Pj , (3) 

where W is the superpotential, DiW = Wi + KiW/Mp and is the inverse of Kq. Here 
the subscript i of W^K^ represents the derivative by a scalar field i. Assuming that the 

1 Here and hereafter, we use the same symbols <fi and \ f° r both the superfields and the component 
scalar fields, unless otherwise stated. 

2 The following argument is valid when the zero-temperature masses of \ an d X are much smaller 
than m s and TO/, respectively. Here, m s (to/) is the thermal mass of x (x)- When the zero-temperature 
masses of XtX are comparable to the thermal masses to s ,to/, we have to include contributions from the 
zero-temperature masses to to^. 
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superpotential is independent of 0, i.e., W = W(x), we can extract the 0-dependent term 
from Eq. (j3J) as 

^U-de P . = (l + il ^f^) \W X \ 2 + O (Mp 4 ) . (4) 

Below, in order to regard the scalar field as a quasi-static external field for \ (and 
we assume the zero-temperature mass of is much smaller than the thermalization rate 
of x (and x). Then, we have the canonical kinetic term for the scalar field x by rescaling: 

£L. = ^x*^x, + (5) 



c 

Now, we consider the following yukawa interaction in the superpotenital for \'- 



W = (6) 
Then, from Eqs. (J4]) and (JSJ), we obtain 

v*w = ^ + J I 1 + mt J -j (ixi ) = "J (ixi ) > (7) 

where we have replaced the coupling y 2 with defined by 

Here and hereafter, we neg lect C(Mp 4 ) terms. Note that, using the canonically nor- 
malized scalar field x, the supergravity effects in the kinetic term (J5J) and the F-term 
potential (jl]) are eventually absorbed into the rescaled yukawa coupling y 2 . What we 
have to do for evaluating fh^ is, then, to extract the effective mass term for from the 
free energy generated by the rescaled yukawa coupling y 2 . The 4-point interaction ([7]) 
gives rise to the 2-loop contribution to the free energy of the system, f2 2 , given byEI 

y 2 T* _y 2 T* (c — |) y 2 \<p\ 2 T 

Thus, we obtain the following effective mass-squared m 2 from the 4-point yukawa inter- 
action ([7]): 



-i-i 



fi 2 = ^— — = — v 3/ " (9) 

288 288 96 M 2 



ml = - 3V \ . (10) 
96 M 2 K J 

Note that naturally vanishes for c = 1/3 in Eq. ( ITUj) . since c = 1/3 corresponds 
to the sequestered Kahler potential form with which the Planck-suppressed interaction 
between and x is essentially absent. As a remark of this subsection, when we consider 
contributions to from MSSM plasma in Sec. HJ the above procedure is applied to 
4-point interactions which consist of squarks, sleptons and Higgs fields. 



For evaluation of free energy in thermal field theory, for example see Ref. [T^] . 
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2.2 Fermion contributions 



In this subsection, we will take into account the supergravity effects in a yukawa interac- 
tion involving the fermion x as we U as i n the kinetic terms for x an d X- We note that the 
supergravity effects in the yukawa interaction were neglected in Ref. [TO] . 
From Eq. (pQ), the fermionic field x nas the following kinetic term: 



C U|2 



^L = [^ + ^)xi^d,r- (11) 

On the other hand, the fermion interaction term in supergravity is given by the following 
formula 

c f = ~h K/i2M r } (v.DjW) e e + h.c. + • • • , (12) 

where are two-component fermionic fields and • • ■ includes interactions between £ 4 and 
gauge, gravity superfields. Here, ViDjW = Wij+KijW/M^+KiDjW/M^+KjDiW/M 2 - 
KiKjW/Mp - T^D k W/M£ and = K^^K^. Since is treated as a quasi-static 
external field for the fermion x, we have the canonical kinetic term for x by rescaling: 

cL=x^ i d»r, *=( 1 + %) 1/2 x- ^ 

The rescaling factor coincides with the scalar field case (see Eq. (J5])), since it is actually 
possible to rescale the superfield x to absorb the dependence. 

Assuming the non- minimal Kahler potential ([I]) and the superpotential fl6]), Eq. ([12"]) 
gives rise to the following (f) - x interaction: 

Cf = -{ 1+ 2Ml) { 1 + Hf) 2 XXX + ^ = ~2 XXX + ^ (14) 

where y is identical to the one given in Eq. (JH])0- Note that the supergravity effects in the 
kinetic terms (J5J), ( I13p and the scalar-fermion- fermion interaction (1141) are absorbed into 
the rescaled yukawa coupling y. Then, all we need to do is to extract the effective mass 
term for </> from the free energy arising from the rescaled yukawa coupling. The scalar- 
fermion-fermion interaction fTT4"|) generates the 2-loop contribution to the free energy of 
the system, fl 2 , given by 

_5y 2 r 4 _ 5y 2 r 4 (c-§)5y 2 H 2 r 4 

2 1152 1152 384 M 2 ' 1 ' 

Thus, we obtain the following effective mass-squared fh 2 , from the yukawa interaction ((T 



ml 



5(c-|)j/ 2 T 4 
384 Mp 



(16) 



The superficial gap of order O (M p 4 ) is due to the approximation employed here. 
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Before closing this subsection, we note that when we consider contributions to from 
MSSM plasma in Sec. HI the above procedure is applied to the quark-(s)quark-Higgs(ino) 
and lepton-(s)lepton-Higgs(ino) yukawa interactions originated from the MSSM superpo- 
tential. 



3 Contribution from a gauge coupling 

We have seen in Sec. [2] that the ^-dependences are absorbed into the yukawa couplings 
by the rescaling <^ and (TT~5T) . In this section, we will see that, if the coupled field is 
charged under gauge symmetry, the rescaling of the chiral fermion generates ^-dependent 
corrections in the gauge coupling at one-loop level. As we shall see later, the numerical 
coefficient of this correction turns out to be relatively large especially for the SU(3) C , 
which partially cancels the one-loop suppression. 

In this section, we assume that there are chiral super mult iplets x% which have gauge 
charges, and that the corresponding gauge supermultiplet V = V a T a (T a is the generator) 
in the thermal bath interacts with (j) only through the Kahler potentially The non-minimal 
Kahler potential (JT|) is now modified to 

K = W + £ f 1 + C -w) J**"*- I") 

j \ P / 

where the sum runs over all the chiral supermultiplets Xi- 111 order to obtain the canonical 
kinetic term, we rescale the chiral supermultiplets x% as 

^, 1 + ^fV\, (») 



Since the chiral supermultiplets x% have the gauge charge, the rescalings (|T8|) give rise to 
the following rescaling anomaly [131 EE 



11^X1 = \{VhVx\ exp Uf^xY,-^! d " e ^ C -J^W a (V h )W«(V h ) + h.c. 

i i K i P 

(19) 

where t 2 (xi) is the Dynkin index and is equal to 1/2 when Xi belongs to the fundamental 
representation, and Vh is the gauge supermultiplet with holomorphic gauge coupling. 
(V and g are the canonically normalized gauge supermultiplet and coupling.) Here and 
hereafter, we neglect the 0(Mp 4 ) terms. Then, the gauge supermultiplet has the following 
kinetic term: 

£ " 4 / < fe - £ l^lff ) W'Wvrw + ,,c. 

= 16 j ^ ^ W ^V)W a {gV) + h.c, 



In particular, no dilatonic coupling is assumed. 
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where we have defined the rescaled gauge coupling g 2 as 



~2 2 

9 = 9 



* 4^ 8tt 2 M 2 i "M 2vr 4vr M 2 / ' 



From Eq. (I2TI) . we see that the rescaled gauge coupling g 2 has the dependence but 
with an extra loop-suppression factor compared to the yukawa coupling contribution dHJ). 
When g is the gauge coupling constant of an SU (N c ) SUSY Yang-Mills theory, the SU (N c ) 
gauge interactions give rise to the 2-loop contribution to the free energy of the system, 
0,2, which is give by [15] 



2 = N g iV c + 3^t 2 (xi 



g 2 T* 



64 



v ( 22 ) 
2tt 4tt M 2 / 64 ' 



where we have used N g = N 2 — 1. Thus, we obtain the following effective mass-squared 
mj? generated by the gauge coupling g: 



r-,2 



m 



l - 1) (n c + 3yt 2 ( Xi )) (23) 

V i / 1287r 4?r m p 



Note that the numerical coefficient, (iV 2 — l)(iV c + 3^t 2 (Xi))) can be large, partially 
canceling the the one-loop suppression factor. Therefore we cannot simply neglect the 
contribution to m| from the gauge coupling. In the next section, we evaluate all the 2- 
loop free energy generated by the rescaled yukawa and gauge couplings in MSSM. There, 
we will see that the gauge coupling contributions to rh^ can be large corrections to the 
top yukawa coupling contribution. 



4 Hubble-induced mass from MSSM plasma 

In this section, we provide an analytic expression for the effective mass fh^ from the 
yukawa and gauge couplings in MSSM. We also estimate numerically the dependence of 
m 2 ^/ H 2 on the temperature. 

We have explained in the previous sections how to evaluate for the given non- 
minimal Kahler potential and superpotential. In the following, we assume the non- 
minimal Kahler potential (ITT)) where % is now regarded as the MSSM chiral supermultiplet 
and we replace gV with the MSSM gauge superfields (times gauge couplings). Below, we 
assume sufficiently high temperature of the plasma and neglect all the zero-temperature 
(soft SUSY-breaking) masses of MSSM particles^. 

6 We neglect the soft SUSY-breaking masses in the analytic expression for m^, while we take into 
account of the soft SUSY-breaking masses in the renormalization group running of the couplings. 
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First, let us evaluate the contribution to from the MSSM yukawa couplings. We 
consider the following MSSM superpotential: 

W^mssm = Vt {i R t L H° u - t R b L H+) + y b (b R b L H° d - b R t L H d ) + y T (f R T L H° d - f R u T H d ) , 

(24) 

where ti, bi, t l, v t -, , H®, H d and H J are the SU{2)l charged chiral superfields, and 
i R , b R and f R are the SU(2)l singlet anti-particle chiral superfields. Here, we have omitted 
the 1st and 2nd generation yukawa couplings since they are are much smaller than the 
3rd generation ones. Now, we include the supergravity effect which we have discussed 
in section [2j Namely, we rescale all the chiral supermultiplets and yukawa couplings 
in order to absorb the supergravity effects in the kinetic terms, F-term potential and 
fermion interactions into the yukawa couplings y t , yb and y T . As a consequence, we find 
that the rescaling results in the following replacement for the yukawa couplings \y\ 2 — > \y\ 2 

(y = yt,yb,y T )- 



|^ =N 2 (lH- (1 ~ C '~^p M ). P5) 



where q, Cj and c& are the coefficients in the non- minimal Kahler potential ([T]) for the 
corresponding chiral fields. As an illustration, let us consider the interactions arising 
from the term W = y T f R r L H d in Eq. (124"|) . From the term W = y T f R r L H d , we obtain a 
4-point yukawa interaction |cW/cVl| 2 = y 2 \f R \ 2 \H d \ 2 (f R ,H d are the scalar component 
of the superfields f R ,H d ). In this case, the coefficients in Eq. ( |25l) are determined as 
d = c TL , Cj = c fR , Ck = c H o. On the other hand, one of the yukawa interactions 
involving fermions we obtain from the term W is —y T f R TLH d + h.c. (f R , tl are fermions 
and H d is a scalar). For this interaction, we determine the coefficients in Eq. fl25|) as 
Cj = c TL , Cj = Cf R , Ck = c H o which are identical to the above 4-point yukawa interaction 
contribution. Now, taking into account of Eq. f|25|) . the sum of the 2-loop contributions 
to the free energy, Q 2 , from the 3rd generation yukawa couplings are summarized as 
following: 



i=t,b,T 



9vrT 4 ^ / 3(q - §) m x 

^2 1 yukawa = ^ ( 1 Jf2 ] " (26) 



where we have defined a Vi = |?/i| 2 /(47r), j t = lb = 1 and 7 T = 1/3. Here, c t , c b and c T are 
defined by c t = \ {ci R + c th + c H J, c b = | (c- bR + c tL + c Hd ) and c T = \ (c fR + c TL +c Hd ), 
respectively. Since the chiral superfields which are included in the same gauge multiplet 
should have the same coefficient Cj, we have set c bh = c tL , c#o = c H +, c H o = c H - , c Ut = c T . 
Each contribution to is briefly described in Appendix. From Eq. ( 12T)|) . we can extract 
the contribution to m 2 ^ from the yukawa couplings y t , y b and y T . 

Next, let us evaluate the contribution to fh^ from the MSSM gauge couplings. Using 
the formula Eq. ( )22|) . this can be easily evaluated and the result is summarized as 



2 63 c s a 2 T 4 2 483 c 2 a 2 T 4 2 363 c Y a\T A 
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where at = g 2 /(47i), and g s , g 2 and gy are the gauge couplings of SU(3) C , SU(2) L and 
U (l) y , respectively. Here, we have defined c s = ± £ <=st , (3)ctriplet c ^ c 2 = £ E i = 5 i/(2) i doubiet c * 
and Cy = ^ Y^q/ £j ^i 2 - I n the definition of Cy, % runs all the t/(l)y chiral supermulti- 
plets. 

Now, we are in a position to evaluate the total amount of the effective mass of the 
Planck-suppressed interacting scalar field <fi. From Eq. (126j) . ( 1271) . the total contribution 
to mh from the MSSM plasma is given by 



2 27tt /_ 1\ T 4 /63_ 2 483_ 2 363_ 2 \ T 4 

m * = ~T ^ t 71 ^ " 3 J ° w M| + + + 32^ ) Ml 



[ 81 ^ /_ 1\ 756 _ 2 1449 _ 2 

-61^ 2. 7i ^ - 3 J <** + gi^V*. + 244^c 2 «2 + 

L i=t,b,r v 7 



1089 _ ., . 
: c Y a Y } H 



(28) 



244tt 2 



where, in the second line, we have used the Friedmann equation in RD era 3MpH 2 
^r^pT 4 and g* = 228.75 = 915/4 for the MSSM plasma as the relativistic degrees of free- 
dom in the thermal bath. Here, the thermalization rate of the MSSM particles are much 
larger than the Hubble expansion rate, and thus the Hubble expansion rate is involved 
in the above evaluation only through the temperature of the thermal bath. Furthermore, 
assuming the thermal bath is large enough, we neglect the backreaction of 0's interac- 
tion to the thermal bath. Eq. fj28|) is the analytic expression for and is the main 
result of this paper. Note that the largest contributions to m 2 come from the top yukawa 
coupling y t and SU(3) C gauge coupling g s in typical temperature (see figures below). 
Now, let us comment on the higher-loop contributions to mi. The most important one 
would come from the ring diagrams of the free energy [T6l [T2"| [T5] and is estimated to be 

firing - O(aUL) x m^| 2 _ioop ("max is the largest (coupling) 2 /(4tt) and m|| 2 -ioo P is the 
2-loop contribution). Since m?| r i ng would always be subdominant in the total amount of 
m^, we neglect this higher-loop contribution in this study. 

Lastly we show the numerical results for the temperature dependence of m^/H 2 . In 
all the figures, we use the public code SOFTSUSY [17] in order to evolve the coupling 
constants according to the renormalization group equations. For the sake of simplicity, we 
appliy the boundary condition of minimal supergravity. However, it should be emphasized 
that the resultant value of does not change significantly even if we impose other 
boundary condition like minimal gauge-mediated SUSY breaking or minimal anomaly- 
mediated SUSY breaking. Below, we take m = = 3 TeV, A = 0, tan/3 = 
20 (and 40), sign(/i) = +1 in minimal supergravity. Here, m , myz and A are the unified 
scalar mass, gaugino mass, trilinear scalar coupling at the GUT scale, respectively, and 
sign(/i) is the signature of the supersymmetric \i term. Also, tan/3 = (H®) / (H®) is the 
ratio of the Higgs field vacuum expectation values at the weak scale, m^/if 2 has only 
small dependence on the parameter choice as long as the soft SUSY-breaking masses are 
0(1 ~ 10) TeV. 

Fig. [TJshows m|/if 2 for tan = 20, 40. Here, we set q = 1 for all the chiral superfields 
i. The black solid line is the total (yukawa + gauge) contributions to m\jH 2 . The red 
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Temperature [GeV] 




Temperature [GeV] 



Figure 1: Hubble-induced mass-squared for tan/3 = 20 (left panel), 40 (right panel). 
We set Ci = 1 for all chiral superfields i. The black solid line is the total (yukawa + gauge) 
contribution to in 2 ,/ H 2 . The red dashed line, blue dotted line are the sum of the yukawa, 
gauge coupling contributions to rh^/H 2 , respectively. 

dashed line, blue dotted line are the sum of the yukawa, gauge coupling contributions 
to rh^/H 2 , respectively. From Fig. [TJ one can see that fh 2 ^ is about H 2 /100, though m, 
mildly depends on the plasma temperature and tan/3. Although we do not show here, 
we have checked that the largest contributions to m 2 come from y t and g s in most of the 
temperature range. 

In Fig. [2j we set Cj = (minimal Kahler potential case) for all the chiral superfields i. 
Here, we again choose tan/3 = 20,40 cases in FigEJ The black solid line, red dashed line, 
green dotted line and blue dash-dotted line are the total, yt,Vb and y T contributions to 
rh^/H 2 , respectively. Note that the gauge coupling contributions vanish since no rescaling 
of the coupled fields is required. From Figs. [21 one can see that rh 2 ^ is about if 2 /100. We 
note that m 2 is always positive in this minimal Kahler potential case (q = 0). 

Finally, in Fig. [HI we set q = 1/3 (sequestered Kahler potential case) for all the chiral 
superfields i. The black solid line, red dashed line, green dotted line and blue dash-dotted 
line are the total, g s , g<i and gy contributions to m 2 / H 2 , respectively. The yukawa coupling 
contributions vanish in this case since the chiral superfields are essentially decoupled from 
the scalar <p. Nevertheless the gauge coupling contributions appear because of the rescaling 
anomaly. From Figs. El one can see that m 2 , is about i7 2 /1000 ~ H 2 /500. We note that 
m 2 is independent of tan /3 and is always positive in this sequestered Kahler potential case 
(c< = 1/3). 

5 Conclusions 

In this paper, we have evaluated the effective mass of a scalar field </>, which is coupled 
to the MSSM plasma through Planck-supressed interactions in the non-minimal Kahler 
potential like Eq. (TTTj) . We have rescaled the chiral superfields so that the supergravity 
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Figure 2: Hubble-induced mass-squared for tan/3 = 20 (left panel), 40 (right panel). 
We set q = (minimal Kahler potential case) for all chiral superfields i. Here, all the 
gauge coupling contributions are absent because of the choice q = 0. The black solid line, 
red dashed line, green dotted line and blue dash-dotted line are the total, y t , yb and y T 
contributions to rh^/H 2 , respectively. 

effects in the kinetic terms, F-term potential and fermion yukawa interactions are absorbed 
into the rescaled yukawa and gauge couplings. The gauge couplings receive ^-dependent 
corrections from the rescaling anomaly, which is accompanied by an 1-loop suppression 
factor (see Eq. ([21])), compared to the yukawa couplings ff25|) . However, there are relatively 
large numerical factors in the rescaled gauge couplings and thus we have to include the 
gauge coupling contributions in the evaluation of m^. The resultant arising from 
the sufficiently high temperature MSSM plasma is given in Eq. f[2"8"]) . which is about 
10~ 3 H 2 ~ 10~ 2 H 2 for typical parameter sets. This is our main result in this study. 

Before closing this paper, let us briefly discuss the impact of the "Hubble-induced 
mass" in RD era ( 128]) on cosmology. In superstring and supergravity theories, there are 
generically light moduli fields, which cause serious cosmological moduli problem [18] . One 
of the attractive solutions is the adiabatic solution [5] [7J ; if the modulus field receives an 
enhanced Hubble-induced mass-squared, rh^ = O (100) H 2 , it follows the time-dependent 
minimum and as a result, its abundance is suppressed by a power of the ratio of the 
zero-temperature modulus mass and the inflation scale [7J. The origin of such enhanced 
Hubble-induced mass may be due to a cut-off scale one order of magnitude lower than the 
Planck scale [19] . or some strong dynamics at the Planck scale [20J. Our findings show 
that, even if the couplings between the modulus and the MSSM sector are enhanced by two 
orders of magnitude, i.e., |c| = (9(100), the Hubble-induced mass for the modulus is not 
sufficient to suppress the modulus abundance when it starts to oscillate after reheating. 
This results in a rather robust upper bound on the reheating temperature [19] [7J for the 
adiabatic solution to work. 
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Figure 3: Hubble-induced mass-squared m|. We have set c, t = 1/3 (sequestered Kahler 
potential case) for all chiral superfields i. In this case, all the yukawa coupling contri- 
butions vanish and only gauge couplings contribute to m|. Here, has a negligible 
dependence on tan/3. The black solid line, red dashed line, green dotted line and blue 
dash-dotted line are the total, g s , g% and gy contributions to m2/H 2 , respectively. 
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Appendix: 2-loop free energy from the yukawa and 
gauge couplings 

In this appendix, we show each contribution to the 2-loop free energy from the yukawa 
couplings (|26|) and the gauge couplings (1221 . 
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First, we write down the contributions to Eq. f[2"6l) : 



Qg» = ^1— X 



y| 2 T 4 j 3 (with squark), 
144 | 1 (without squark), 

(29) 



o*// _ M 2t4 I f ( with s( i uark ) 

2 ~ 1/1/1 I 5 



144 I | (without squark) 



where, n s 2 sss , Vt{ fs are the 2-loop contributions to the free energy which are generated 
by the 4-point scalar interaction ssss, the scalar-fermion-fermion interaction ffs, respec- 
tively. Here, we have used s, / as symbols for the scalars and fermions in the relevant in- 
teractions. There are six 2-loop diagrams from 4-point scalar interactions for each yukawa 
coupling {\yt\ 2 , \Ub\ 2 , | J/-,- 1 2 ) - Also, there are six 2-loop diagrams from scalar-fermion-fermion 
interactions for each yukawa coupling. After taking the sum of these contributions, we 
finally obtain Eq. ( 1261) . 

Next, we write down each 2-loop contribution to Eq. ( )22|) from SUSY SU(N C ) theory: 

at" = n. ( 5>(0 ) >< i >< W' ^ = N " fe> (i) ) x l x W 




a'„ i > /,(/) I x-x 9 -^, n° sA = N n ( \ x x 9 ~ J ' 




11 \ / . - 1 i 2 144' 2 " \^ y 2 144 

or L1 -v J Y uh\ x4x fl2T4 (30) 



144 



tl AXX = N„N C x-x fif c = N„N C x-x ^ 

2 9 c 4 144 ' 2 s 4 144 

2^ = N 9 N C x x LL-, Q AAAA = N g N c ~-~ 9± 



4 144 ' y 144 

where, tt 2 is the 2-loop contribution to the free energy which is generated by the interac- 
tion O. Here, we have used s, f, A, A and c as symbols for the chiral scalar, chiral fermion, 
gauge field, gaugino and ghost field in the relevant interactions, respectively. Summing 
up the contributions in Eq. (130]) . we eventually obtain Eq. ( 1221) . Here, the summation 
runs all the SU(N C ) chiral supermultiplet i. The Dynkin index £2(2) = 1/2 when 
the chiral supermultiplet i belongs to the fundamental representation. We note that for 
SUSY £7(1) y theory, we can apply the formula (J22J) with N g = 1, N c = 0, t 2 {i) = Y?. 
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